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SEN viruses (SENV) are newly discovered blood-
borne single-stranded circular DNA viruses that
may play a role in liver disease. To date, no
serologic assays are available for the detection
of SENV antigens or antibodies. We report on a
rapid and sensitive molecular assay for the
detection of four SENV strains (SENV-A, -C, -D,
-H). ThismethodusesPCRwith universal primers
and microwell capture hybridization with type-
specificprobes. Cut-off points todefine ‘‘infected’’
based on chemiluminescence readings were
determined from a statistical mixture model
applied to samples from 300 injection drug users
(IDUs) in San Francisco. Based on the estimated
cut-off points, we examined the prevalence of
SENV infection among 232 healthy US blood
donors and assessed sensitivity and specificity of
the assay in a small validation sample of infected
individuals with partial sequence information.
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INTRODUCTION

A novel single-stranded DNA virus of about 3,800
nucleotides was discovered in the serum of an HIV-1-
infected injection drug user (IDU) from Italy in 2000
[Primi et al., 2000; Sottini et al., 2001; Tanaka et al.,
2001]. This agent was designated SEN virus (SENV)
based on the initials of this patient. There is evidence
of at least seven SENV genotypes, SENV-A, B, C, D, E,
F, G, and H [Primi et al., 2000; Sottini et al., 2001].

The genome structure of SENV is related to the genome
structure of the chicken anemia virus in the genus
Gyrovirus as well as to the TT virus (TTV), however,
the sequence similarity is minimal except for a short
stretch at 3,816–3,851 of TA278. Currently the Inter-
national Committee on Taxonomy of Viruses (ICTV)
working group is proposing the full name for the TTV as
TorqueTenoVirus in a new genus Anellovirus (ring)
[Hino, 2002].

SENV strains appear to be common in people who are
exposed to exogenous blood, but infrequent in those who
are not [Umemura et al., 2001; Wilson et al., 2001].
Infection with SENV can be chronic [Umemura et al.,
2001], and re-infection with SENV strains can occur
[Wilson et al., 2001]. The clinical importance of SENV
infection is uncertain. There is evidence suggesting that
SENV causes acute hepatitis in some people who become
infected with this virus [Shibata et al., 2001]. One study
found that persons infected with SENV are less likely to
respond to treatment for HCV [Rigas et al., 2001], but
that finding has not been confirmed.

To date there are no serologic tests to detect SENV
antigen or anti-viral antibody. We developed a group of
PCR-probe capture hybridization assays to detect DNA
from strains of SENV. Our assays are a rapid and robust
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alternative to cloning and sequencing viral genes. The
tests rely on the hybridization of biotinylated SENV
probes to amplified SENV targets labeled with digox-
igenin, capture of hybrids by strepavidin-coated 96-well
ELISA plates, and detection of hybrids using alkaline
phosphatase conjugated anti-digoxigenin antibodies
and chemiluminescent substrate. Because there is no
gold standard to define who is ‘‘SENV-infected,’’ we used
a statistical mixture model to determine cut-off points
for positive results. This model assumes that two dif-
ferent populations, one infected and one uninfected, give
rise to a bimodal distribution of assay readings. The
optimal cut-off points maximize sensitivity and speci-
ficity as determined from the mixture model fitted to
samples from IDUs. We assessed the sensitivity and
specificity of the assays by applying the estimated cut-off
points to assay measurements obtained from a small
validation sample with partial sequencing information.
We also extended this model to incorporate auxiliary
information, such as sequence homology data, to
improve estimation of the cut-off points. Using this
approach, we investigated the prevalence of SENV in-
fection in a group of blood donors.

MATERIALS AND METHODS

Subjects and Specimens

Serum samples were obtained from 300 IDUs in San
Francisco, CA [Atkinson et al., 2003] and 232 US blood
donors at the National Institutes of Health (NIH),
Bethesda, MD, who had been screened for other
parenteral exposures (i.e., HIV, HBV, and HCV). All
study subjects gave written informed consent. All serum
samples were stored at �708C.

A validation sample of 45 specimens that had been
sequenced was available: 21 samples (obtained from
IDUs) that contained the sequence of only one SENV
strain, and 24 cloned PCR fragments (obtained from
eight IDUs and 16 liver disease patients). We also used
data on 150 negative samples: 66 PCR-negative samples
obtained from blood donors, 20 commercial negative
controls (Diasorin, Inc., Saluggia, Italy), 30 negative
controls for PCR (reagents only), 18 hybridization assay-
negative controls (sterile water, substrate blank), and
16 cloned PCR fragments of different type from each
type-specific probe.

Detection of SEN-V DNA

Nucleic acids were extracted from 100 ml of serum by
QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA).
The extracted DNA was eluted in 160 ml buffer con-
taining 10 mM Tris-HCl, 0.5 mM EDTA, pH 9.0. The
presence of SENV DNA was detected by polymerase
chain reaction (PCR). As previously reported [Primi
et al., 2000], universal primers for only SENV desig-
nated NEW BCD 1S (SEQ ID NO: 115) and L 2AS (SEQ
ID NO: 71), derived from conserved sequences within
partial open reading frame 1 among the SENV strains,
SENV-A, SENV-B, SENV-C, SENV-D, SENV-F, SENV-
G, and SENV-H. In order to improve sensitivity, primers

NEW BCD 1S and L 2AS were slightly modified on
the basis of additional sequence data and the resulting
primer NEW BCD 1S0 (sense primer 50-CCCAAA-
CTRTTTGAACMASTGGTA-30, R¼A or G, M¼A or C,
S¼C or G) was used in combination with NEW L 2AS
(anti-sense primer 50-CCTCGGTTKSAAAKGTYTGA-
TAGTG-30, K¼G or T, Y¼C or T). PCR reactions were
performed as a 40 ml PCR mixture containing Gold PCR
buffer with MgCl2, 0.4 mM of each PCR primer,
digoxigenin labeling mix (200 mmol/l of dATP, dCTP,
dGTP each, 190 mmol/l dTTP and 10 mmol/l digoxigenin-
11-dUTP), 1.25 U of AmpliTaq Gold DNA polymerase
(Applied Biosystems, Foster City, CA) and 10 ml of
extracted DNA. The reaction was performed in Gen-
eAmp1 PCR System 9700 (Applied Biosystems) without
mineral oil. The PCR program consisted of pre-heating
at 948C for 10 min, 50 cycles of 948C for 1 min, 558C for
1 min, and 728C for 1 min, and incubation at 728C for
9 min. PCR products (SENV-A, 208 bp, SENV-D, 229 bp,
SENV-C or -H, 226 bp excluding primers sequences)
were analyzed by chemiluminescence (see Materials
and Methods below) with each SENV type-specific 50-
end biotinylated probe that targeted conserved se-
quences within the amplified DNA (Fig. 1): SENV-A;
50-CCCCATGAAAGGGGAAGAGGCCTACACTGACT-
TT-30, SENV-D; 50-ATGATAGGCTTCCCYTTTAACTA-
TAACCCA-30 (Y¼C or T), SENV-H; 50-CCAGTAA-
TAGGCACTTCTGCTTTAGAACA-30, SENV-C/H; 50-
CCCCTTCCAGGTATTGCATGAAGAGTATTAC-30.

SENV probes were based on the Diasorin patent by
Primi et al. [2000], with SENV-A and SENV-H probes
slightly modified from the patent to improve type
specificity. Previous phylogenetic analysis [Tanaka
et al., 2001] showed SENV-C and SENV-H belonged to
the same genotype with 78.3% nucleotide homology
within total ORF1. Thus, data on SENV-C and -H were
combined and the term of SENV-C/H denotes infection
with either SENV-C or -H.

Streptavidin-coated black ELISA plates (Roche
Molecular Biochemicals, Indianapolis, IN) were incu-
bated overnight at 48C with each biotinylated probe
(10 ng/well). After washing the plate, a 100 ml of 90 ml
of hybridization solution and 10 ml of PCR-amplified
products, denatured at 958C for 5 min, was added to each
well. Hybridization was performed at 508C for 1 h for
SENV-A and SENV-D probes and at 458C for 1 h for
SENV-H and SENV-C/H probes. ELISA plates were
then washed, and anti-digoxigenin F(ab) fragments
conjugated to alkaline phosphatase (Boehringer Man-
nheim, Mannheim, Germany) were added to the wells
(100 ml/well). The mixture was then incubated for 30 min
at 378C. Finally, after washing, 0.25 mM disodium 3-(4-
methoxyspiro {1, 2-dioxetane-3, 20-(50-chloro) tricyclo
[3.3.1.13,7] decan}-4-yl) phenyl phosphate (CSPD1, Boeh-
ringer Mannheim) substrate in 0.1 M Tris-HCl, 0.1 M
NaCl, pH 9.5 was added (100 ml/well) to the wells for
chemiluminescence signal development. Chemilumi-
nescence was read in a 1450 Micro Beta PLUS scintilla-
tion counter (Wallac, Inc., Turku, Finland) and raw data
were shown as counts per second.
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Cloning and Sequencing of PCR
Amplified SENV DNA Products

Sequences of each isolate were determined directly or
after cloning into the pCR2.1-TOPO vector (Invitrogen,
San Diego, CA). The sequencing reactions were per-
formed with Big Dye (Perkin-Elmer Applied Biosytems,
Foster City, CA) in GeneAmp PCR System 9700 and
analyzed in ABI 310 DNA automated sequencer accord-
ing to the manufacturer’s protocol.

Determining Cut-Off
Points for the Assay

Model 1. We relied on two-component statistical
mixture models to determine optimal cut-off points
for the chemiluminescence readings obtained for each
SENV developed by [Pfeiffer et al., 1999]. These models
assume that the measurements arise from two different
populations, an infected and an uninfected one, that
yield a bimodal distribution of signal intensity. The
measurements of each population are modeled by a
different probability density, i.e., the derivative of the
probability distribution function, each with its own set of
parameters. A third model parameter is the mixing
proportion, which is the proportion of truly infected
individuals in the sample. Details on the model and
parameter estimation are given in Appendix.

We used the IDU samples to estimate the cut-off
points for each strain of SENV. First, we examined
histogram plots to determine whether a statistical
transformation was needed to create a probability

density mixture consisting of two normal protba-
bility densities. The normalizing transformation was
loge (xþ0.5), where x denoted the chemiluminescence
reading. If an individual had repeated readings, x was
the mean of all readings. The optimal cut-off point
maximized the sum of sensitivity and specificity as
determined from the fitted mixture model. We obtained
95% confidence intervals (95% CI) for the cut-off points
and all prevalence estimates using a bootstrap pro-
cedure with 1,000 repetitions.

Using the cut-off points from the IDU data, we
estimated prevalence of SENV infection in a sample of
US blood donors, who we presume to be at low risk of
infection because they are screened for other blood borne
viruses. We also estimated sensitivity and specificity of
the assays for the small validation sample of 45 speci-
mens that had been sequenced. We defined a sample
as positive if a strain-specific nucleotide sequence was
present.

Model 2. Model 2 is a mixture model designed to
improve the estimation of the cut-off points by using a
logistic regression function to incorporate homology
data into the modeling of the mixing probabilities.
Details are given in the Appendix. Model 2 was applied
to the validation data. The classification of the samples
based on Model 2 is listed in Table I.

Model 3. We also estimated the cut-off points by
calculating the meanþ2 SD (standard deviations) of
the log-transformed data on the 150 negative samples.
The meanþ2 SD approach has been used previously to
estimate cut-off points for other assay measurements

Fig. 1. Alignment of SEN viruses (SENV) clones and location hybridized with each probe. These
sequences were aligned on prototype SENV-A and the number indicates the nucleotide position of
SENV-A. Each box is the location hybridized with each probe.
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[Meden et al., 1994; Zhang et al., 2000]. The probabi-
lity that a normally distributed quantity exceeds the
meanþ 2 SD is roughly 2.3% [Armitage and Berry,
1994]. Taking the cut-off point to be the meanþ2 SD
thus reflects the understanding that the largest 2.3%
of the assay measurements will be misclassified as
infected, in other words, the maximum specificity of the
assay is set at 97.7%.

All analyses were conducted using MATLAB 5.0
[The Mathworks, Inc., 1999], as described in Pfeiffer
et al. [1999].

RESULTS

Development of SENV PCR-Microwell
Hybridization Assay

For SENV-A and SENV-D, the high homology
corresponded to high chemiluminescence readings
(positive), which were clearly distinguished from lower
readings corresponding to lower homology. A previous
phylogenetic analysis [Tanaka et al., 2001] indicat-
ed that the homology between SENV-C and -H was
78.3%, and that these strains were significantly more

TABLE I. Percent Nucleotide Homology Among SEN Viruses (SENV) Strains and Four Probes and Results on the Basis of
Cut-Off Points by Statistical Models

Specimen
Strain with highest

% homologya

Homology with probes

SENVA (34)c SENVD (30)c SENVH (29)c SENV-C/H (31)c

Injection drug user (IDU)
clone SENV-A_T90

A:97.1% 94% 57% 59% 74%

IDU clone SENV-A_T100 A:95.2% 88% 53% 52% 74%
IDU clone SENV-A_T103 A:97.1% 100% 53% 45% 71%
IDU clone SENV-A_T117 A:98.1% 100% 63% 59% 71%
IDU clone SENV-A_T132 A:97.6% 91% 53% 52% 74%
IDU clone SENV-A_T159 A:96.2% 88% 63% 59% 77%
IDU clone SENV-A_T217 A:96.2% 91% 53% 52% 77%
IDU clone SENV-A_T255 A:98.6% 100% 57% 59% 77%
IDU 3 A:94.2% 97% 53% 59% 77%
IDU 11 A:97.2% 97% 53% 59% 77%
IDU 13 A:96.2% 100% 53% 59% 74%
IDU 15 A:92.7% 91% 47% 59% 77%
IDU 16 A:95.5% 97% 53% 59% 77%
IDU 20 A:95.8% 97% 57% 34% 74%
IDU 21 A:95.0% 94% 57% 34% 74%
IDU 22 A:95.6% 91% 53% 34% 74%
IDU 28 A:95.8% 91% 53% 34% 74%
IDU 268 A:96.9% 97% 53% 59% 74%
IDU 278 A:96.0% 97% 53% 59% 77%
Clone SENV-D_EN1b D:88.6% 35% 97% 52% 74%
Clone SENV-D_CK3b D:87.8% 35% 93% 52% 77%
Clone SENV-D_CK12b D:89.5% 35% 97% 52% 77%
Clone SENV-D_EC7b D:86.9% 53% 100% 52% 74%
Clone SENV-D_EC48b D:87.3% 47% 100% 52% 71%
Clone SENV-D_CB1b D:88.6% 47% 100% 52% 71%
Clone SENV-D_CB10b D:86.9% 47% 97% 52% 71%
Clone SENV-D_CB11b D:86.0% 38% 90% 55% 74%
IDU 272 D:86.2% 47% 93% 55% 68%
IDU 451 D:83.0% 38% 83% 48% 74%
Clone SENV-C_EN6b C:81.5% 35% 73% 69% 90%
Clone SENV-C_EN8b C:76.6% 38% 43% 45% 87%
Clone SENV-C_NS4b C:76.7% 41% 43% 45% 87%
Clone SENV-C_EC12b C:76.1% 41% 43% 45% 87%
IDU 10 C:90.3% 50% 50% 66% 90%
IDU 24 C:73.3% 35% 43% 38% 87%
IDU 83 C:79.4% 47% 47% 48% 94%
Clone SENV-H_EN4b H:92.5% 53% 50% 100% 94%
Clone SENV-H_EN5b H:91.3% 53% 50% 97% 90%
Clone SENV-H_EC29b H:89.4% 56% 50% 90% 94%
Clone SENV-H_EC2b H:90.7% 53% 50% 100% 81%
IDU 8 H:90.2% 32% 67% 97% 90%
IDU 85 H:85.1% 47% 50% 93% 90%
IDU 193 H:91.8% 35% 50% 93% 97%
IDU 214 H:86.3% 47% 50% 97% 97%
IDU 233 H:91.4% 32% 47% 97% 97%

aThe highest percent homology among SENV strains and each prototype SENV (SENV-A, -C, -D, and -H).
bClones from liver disease patient.
cNumber of oligonucleotides of each probe.
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homologous with each other than with any other pairs.
Thus, the SENV-C/H probe was not able to distinguish
between SENV-C and -H. As SENV-C and -H strains
had greater genetic diversity within a genotype than
that within the other genotypes, we combined results
for the SENV-H probe and the SENV-C/H probe to
decrease the false negativity of the detection. Of 16
SENV-C or -H specimens, seven SENV-C specimens had
low homologies with the SENV-H probe and one SENV-
H specimen (EC2) had relatively low homology (81%)
with the SENV-C/H probe (Table I). This low homology
resulted in lower chemiluminescence readings; several
readings appeared to be borderline making it difficult
to define infected and uninfected subjects. Thus, there
are likely to be a few unclassifiable data; however, most
results were also consonant with the sequence data
(Table I). These two different probes were useful in
detecting the divergent strains in SENV-C/H.

Cut-Off Values and Prevalence Estimates
Among IDUs and Blood Donors

Figure 2 shows the histogram of the SENV-A data, the
fitted mixture model, and the cut-off point on the log
transformed scale, 1.65¼ log (4.69þ 0.5). The indivi-
duals with measurements to the right of the cut-off point
are classified as ‘‘infected,’’ the others are classified as
‘‘uninfected.’’ Similar histograms were observed for the
other SENV strains. Table II presents cut-off points and
prevalence estimates along with their 95% CIs. The
estimated prevalence of SENV-A was 52.3% (95% CI:
49.3–61.0%). For SENV-D the estimated prevalence
was 11.0% (95% CI 7.0–14.0%) and for SENV-H 34.3%
(95% CI 25.3–36.0%). For SENV-C/H, the prevalence
estimate was 51.5% (95% CI: 45.5–57.2%).

We used the cut-off points obtained from the IDU data
to estimate the prevalence of SENV strains among 232
blood donors (Table II). The estimated prevalence rates
were: SENV-A, 1.3% (95% CI: 0–3.0%), SENV-D, 1.7%

(95% CI: 0.4–3.5%), SENV-H 9.1% (95% CI: 5.6–13.4%),
and SENV-C/H 7.8% (4.3–11.2%).

We also fitted Model 1 to the US blood donor samples
to obtain ‘‘internal cut-off points’’ for that population.
For SENV-A, this model resulted in a cut-off value of
3.5 and a slightly higher prevalence estimate (2.6%),
which was not significantly different from the estimate
obtained from applying the cut-off points from the IDU
sample (1.3%). The internal cut-off points of 6.4, 7.4, and
8.4 for SENV-D, -H, and -C/H, respectively (data not
shown), differed slightly from the cut-off points based on
the IDU data, but these differences were not statisti-
cally significant, and the prevalence estimates did not
change. The prevalence estimates were not sensitive
to these changes in cut-off points because the assay
readings for the infected and uninfected populations
were well separated.

Validation Analysis

The 45 samples with a single SENV strain were used
to validate sensitivity and specificity of the assays for
various choices of cut-off points. The true status of
infection was defined by presence of a virus-specific
nucleotide sequence. The classification of the individual
samples is given in Table I.

Model 1, which assumes constant mixing proba-
bilities, yielded these cut-off points (95% CI) given in
Table III: SENV-A, 9.5 (6.4–14.1); SENV-D, 5.6 (3.7–
15.2); SENV-H, 6.1 (4.2–13.2), and SENV-C/H, 17.1
(6.7–33.3). The wide confidence intervals reflect the
small sample size, with the cut-off point for the SENV-C/
H probe being the least precise. The differences between
the Model 1 cut-off points from the validation data and
the cut-off points from the IDU data are not statistically
significant.

Model 2, an extension of the mixture model that
incorporated homology information of all possible SENV
strains, resulted in identical cut-off points for SENV-A
and SENV-D, but slightly different cut-off points for
SENV-H probe (6.6) and the SENV-C/H probe (15.1)
(Table III). The differences between the Model 1 cut-off
points from the validation data and the cut-off points
from the IDU data are not statistically significant.

The cut-off points from Model 3, obtained by calculat-
ing the meanþ 2 SD of 150 negative samples, were close
to the IDU cut-offs for SENV-D, and close to the cut-offs
from Model 1 for SENV-C/H. For SENV-A, the cut-off
value from Model 3 was in between the IDU cut-off (4.8)
and the Model 1 and Model 2 cut-off (9.5). For SENV-H,
Model 3 resulted in a much higher cut-off value (11.4)
than the ones obtained from either Model 1 or 2 (6.1 and
6.6, respectively), and the IDU cut-off value (4.6).

Table III also shows the estimates of sensitivity and
specificity based on the validation sample with 95%
CIs for all choices of cut-off values. All assays are highly
sensitive for all SENV strains using any of the cut points
(92–100%) and the assays for SENV-A, -D, and -H was
also highly specificity (92–100%). The assay for SENV-
C/H was highly specific (100%) with the higher cut

Fig. 2. SENV-A measurements among injection drug users (IDUs).
Smooth line indicates the fitted mixture model.
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points established using the validation samples but was
not specific (62%, 95% CI 44–80%) when using the lower
cut point established for the IDU samples.

DISCUSSION

PCR-capture hybridization assays have been used
to detect specific strains of several viral families, for
example, human papillomavirus (HPV) types 16, 18,
and 33 (3). This typing approach is more sensitive than
agarose gel electrophoretic analysis in detecting ampli-
fied PCR products [Andreoletti et al., 1996], and more
convenient than sequencing analyses. We developed a
PCR amplification followed by a microwell capture
hybridization assay using chemiluminescent detection
for SENV-A, SENV-D, and SENV-C/H. The method
described in this paper is also more convenient and
efficient than the initial commercial detection system
DEIATM (Diasorin, Inc.), which consists of a PCR assay
with immunoassay (data not shown). The assay thresh-
old for detection of the PCR-microwell hybridization is in
the order of 102–102.5 copies/ml.

To determine cut-off points for the assays, statistical
mixture models were fitted to a sample of IDU data, a

population in which prevalences were expected to be
high. The optimal cut-off points were the values that
maximized the sum of sensitivity and specificity. Model
1 assumed constant mixing probabilities while Model
2 allowed the incorporation of homology information to
improve the estimation of the cut-off points. The cut-off
points estimated from the Models 1 and 2 were close
to cut-off points that were obtained from Model 3, by
calculating the meanþ 2 SD of 150 negative samples.
A limitation is that Model 3 assumes a specificity of
97.7%, whereas the mixture models determine cut-
off points that maximize the sum of sensitivity and
specificity without assuming fixed values.

When applied to a sample of 232 US blood donors,
who were screened for other parenterally transmitted
viruses (HCV, HBV, and HIV), the prevalence estimates
for SENV-A (1.3%) and SENV-D (1.7%) were low, as
expected. The prevalence of SENV-C/H among the blood
donors (7.8%) was significantly higher than the pre-
valence of SENV-A or -D. This difference may be attri-
buted to the lower specificity of the C/H probe, which was
estimated to be around 60%.

As noted above, all positive controls of each test gave
high values, and all negative controls and clones

TABLE III. Cut-Off Points, Sensitivity, and Specificity for the 45 Validation Samples With
95% CIs in Parenthesis

Strain (number infected)

SENV-A (19/45) SENV-D (10/45) SENV-H (9/45) SENV-C/H (7/45)

Model 1
Cut-off 9.5 (6.4–14.1) 5.6 (3.7–15.2) 6.1 (4.2–13.2) 17.1 (6.7–33.3)
Sensitivity 100% (85–100%) 100% (74–100%) 100% (71–100%) 94% (82–100%)
Specificity 100% (89–100%) 100% (91–100%) 92% (83–96%) 100% (92–100%)

Model 2
Cut-off 9.5 (6.4–14.1) 5.6 (3.7–15.2) 6.6 (4.8–14.2) 15.1 (5.4–30.2)
Sensitivity 100% (89–100%) 100% (91–100%) 92% (83–96%) 100% (92–100%)
Specificity 100% (89–100%) 100% (91–100%) 92% (83–96%) 100% (92–100%)

Model 3
Cut-off 7.6 4.6 11.4 15.5
Sensitivity 100% (89–100%) 100% (91–100%) 92% (83–96%) 100% (92–100%)
Specificity 100% (89–100%) 100% (91–100%) 94% (86–100%) 100% (92–100%)

IDU cut-off points
Cut-off 4.8 4.5 4.6 5.0
Sensitivity 100% (89–100%) 100% (91–100%) 100% (80–100%) 100% (92–100%)
Specificity 96% (88–100%) 100% (91–100%) 94 % (86–100%) 62% (44–80%)

Model 1, assumes a cut-off constant probability of infection.
Model 2, incorporates homology information into the probability of infection.
Model 3, defines the cut-off points to be the meanþ 2 SD for 150 negative samples.

TABLE II. Cut-Off Points Obtained From Model 1 (Applied to IDU Data) and
Resulting Estimated Prevalence of SENV Strains Among Blood Donors

and IDUs (95% CI in Parenthesis)

Strain Cut-off
Prevalence for IDU

data (n¼ 300)
Prevalence for blood
donor data (n¼ 232)

SENV-A 4.8 (3.7–6.1) 52.3% (49.3–61.0%) 1.3% (0–3.0%)
SENV-D 4.5 (2.7–4.4) 11.0% (7.0–14.0%) 1.7% (0.4–3.5%)
SENV-H 4.6 (3.4–6.0) 34.3% (25.3–36.0%) 9.1% (5.6–13.4%)
SENV-C/H 5.0 (1.6–5.4) 51.5% (46.2–57.5%) 7.8% (4.3–11.2%)
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produced low values, although the statistical models
resulted in a few false positives classifications. There
were also some misclassifications for SENV-H because
the cut-off points for SENV-H probe determined by our
models seemed to be somewhat too low. We also obtained
a low cut-off point for the SENV-C/H probe from the
mixture model. This may be due to cross reactivity
between genotypes of the assay with SENV-A or -D,
caused by the choice of a relatively conserved region
(Table I). These regions do not reflect the previous
genetic distances on the phylogenetic analysis by
Tanaka et al. [2001]. The low specificity of the SENV-
C/H probe is also reflected in the high prevalence
estimate in the US blood donor sample (7.8% for C/H
versus 1.3% for SENV-A and 1.7% for SENV-D).

A general problem that arises when determining
cut-off values for diagnostic tests is that cut-off points
are population specific, and that the choice of diseased
and comparative patient groups to estimate efficacy of a
diagnostic test may bias sensitivity and specificity
[Ransohoff and Feinstein, 1978]. One has to be cautious
when applying cut-off points obtained from a highly
infected population, such as IDUs, to a very low-risk
population like the US blood donors. We thus validated
the prevalence estimates that were obtained from apply-
ing the IDU sample cut-off points, by comparing them to
prevalence estimates obtained from fitting the model
directly to the blood donor data. While the cut-off points
varied slightly, the prevalence estimates did not change.

The statistical methods, we used to obtain cut-off
points for SENV infection can define positive cut points
for any type of assay. Furthermore, if one has specific
target sequences and a series of probes and each probe
has a percent homology, then this information can be
incorporated into the model to improve estimation of
the optimal cut-off points for differentiating related
genotypes. This approach can permit rapid and efficient
detection of infection with a wide range of viruses.

APPENDIX

The Mixture Model

This statistical model is based on the premise that
each person is in one of two latent true infection states,
which we label as state I¼ 1 (‘‘infected’’) and state I¼0
(‘‘uninfected’’). The probability density function of
y¼ loge (xþ0.5), where x denotes the chemilumines-
cence reading, is given by the mixture model (Model 1)

gðyjz; yÞ ¼ fðy; a0Þð1 � PÞ þ fðy; a1ÞP; ð1Þ

where f(.;a) is a density, such as the normal density, a
denotes the parameters of f, and y¼ (a0, a1, P). We
interpret f(.;a0) to be the density of the log transform of
the chemiluminescence values that correspond to
persons in the ‘‘uninfected’’ state, and f(.;a1) to be the
density of the values that corresponds to subjects in
the ‘‘infected’’ state. The mixing probability P corre-
sponds to the proportion of infected individuals in the
population. The parameters in this model were esti-
mated via a maximum likelihood procedure; for details

see Pfeiffer et al. [1999]. An extension of this model let
the state probabilities for the jth observation depend on
covariates zj, such as % homology, through a logistic
regression:

PðIj ¼ 1jzjÞ ¼ PðzjbÞ ¼
expðz0jbÞ

ð1 � expðz0jbÞÞ
:

The first component of zj was unity and corresponded to
an intercept. b is a vector with k components of asso-
ciated, unknown logistic regression coefficients. Given z,
the probability density function of y¼ log(xþ 0.5),
where x denotes the chemiluminescence reading, is
given by the mixture model, referred to as Model 2

gðyjz; yÞ ¼ fðy;a0Þð1 � Pðz;bÞÞ þ fðy;a1ÞPðz;bÞ: ð2Þ

Calculation of the Cut-Off Points,
Sensitivity, and Specificity

After Model (1) was fit to the data, and parameter
estimates of y were obtained, a cut-off value that ‘‘best’’
separates the two densities was calculated. Several
optimality criteria were discussed in Pfeiffer et al. [1999].
To obtain the cut-off point that maximizes the sum of
specificity (the probability that the test is negative given
that the person is truly uninfected)

R
f(y;a0)dy, and

sensitivity
R

f(y; a1) dy (the probability that the test yield
a positive result given that the person is truly infected),
we found the value c* that satisfied the equation
f(c*;a0)� f(c*; a1)¼ 0.

Calculation of Posterior Probabilities of
Infection Given % Homology

Model 2 allows one to calculate the probability of Ij¼
1 (‘‘infected’’) given the covariate z, the observed %
homology, for each individual by calculating P(Ij¼1jy, z)¼
f(y; a1) P(z; b)/{f(y; a1) P(z; b)þ f(y;a0)(1�P(z; b))} using
the estimated parameter values y, and the transformed
chemiluminescence reading y¼ log(xþ 0.5).
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